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  ABSTRACT
Background: Hypoxia within the artery wall is known to promote atherosclerosis; however the underlying mechanisms remain 

unclear. We have previously shown that hyperglycemic apolipoprotein E-defi cient mice have impaired neovascularization of the vasa 
vasorum, which is associated with the accelerated development of atherosclerosis. The objective of this study is to investigate the 
relationship between oxygen supply and demand in the arterial wall by examining aortic hypoxia, vasa vasorum neovascularization, 
vascular infl ammation, and atherogenesis.

Methods: Atherosclerosis was induced in apolipoprotein E-defi cient mice by glucosamine supplementation, streptozotocin injection, 
or incorporation of the Ins2+/Akita mutation. Subsets of mice were treated with the chemical chaperone 4-phenylbutyric acid. Mice were 
harvested at 15 weeks of age and atherosclerotic lesions at the aortic sinus and ascending aorta were quantifi ed and characterized for 
the presence of hypoxia, vasa vasorum density, and NLRP3 infl ammasome expression.

Results and Conclusions: All three models of accelerated atherosclerosis present with lesional hypoxia, impaired vasa vasorum 
neovascularization, vascular endoplasmic reticulum stress, and infl ammation. In each model, treatment with 4-phenylbutyric acid reduced 
lesion size, lesional hypoxia, endoplasmic reticulum stress, and NLRP3 expression, but did not rescue the reduction in vasa vasorum 
density. Reduction of infl ammation and hypoxia by 4-phenylbutyric acid treatment is suffi  cient to attenuate hyperglycemic accelerated 
atherosclerosis.
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ABBREVIATIONS 
ApoE-/-: Apolipoprotein E-defi cient; CHOP: C/EBP Homologous 

Protein; ER: Endoplasmic Reticulum; EPO: Erythropoietin; GlcN: 
Glucosamine; GRP78/94-78/94-kDa: Glucose-Regulated Proteins; 
HIF-1α: Hypoxia-Inducible Factor1-Alpha; iNOS: Inducible Nitric 
Oxide Synthase; IFN-γ: Interferon Gamma; KDEL: Lysine-Aspartic 
Acid Glutamic Acid-Leucine; LYVE-1: Lymphatic Vessel Endothelial 
Receptor 1; LDLR-/-: Low Density Lipoprotein Receptor-Defi cient; 
NLRP3: NOD-, LRR- and Pyrin Domain Containing Protein 3; 
4PBA: 4-Phenylbutyric Acid; STZ: Streptozotocin; VEGF: Vascular 
Endothelial Growth Factor; NF-κB: Nuclear Factor Kappa B

INTRODUCTION
Hypoxia is a condition that occurs when there is an imbalance 

between oxygen supply and demand within a cell or tissue. 
Indications of hypoxia have been observed in human and murine 
atherosclerotic lesions, which are absent in non-diseased regions of 
the artery wall [1,2]. Both oxygen supply and demand can be aff ected 
in atherosclerosis. Oxygen supply to the cells of the atherosclerotic 
lesion can be signifi cantly decreased when the diseased artery wall 
thickens beyond the diff usion limit of O2 (~100μm arterial wall 
thickness) [3]. Oxygen demand has also been reported to increase 
with the accumulation of metabolically active infl ammatory cells, 
such as macrophages and T cells, within the artery wall [4].

Evidence in recent years suggests that hypoxia is not just a 
symptom of atherogenesis, but can also actively promote specifi c pro-
atherogenic processes [5]. For example, apolipoprotein E-defi cient 
(ApoE-/-) mice subjected to intermittent hypoxia have shown 
indications of accelerated atherosclerosis relative to mice maintained 
in normoxic conditions [6,7]. In addition, Western diet fed low 
density lipoprotein receptor-defi cient (LDLR-/-) mice exposed to a 
hyperoxic environment have been reported to develop atherosclerotic 
lesions with reduced necrotic areas [2]. 

Hypoxia-inducible factor 1-alpha (HIF-1α), which is stabilized in 
low oxygen environments, has been implicated as a potential driver 
of atherosclerosis. It forms a transcriptional activation complex with 
HIF-1β and p300, which has been shown to drive the expression of 
over 70 diff erent genes associated with angiogenesis, erythropoiesis, 
cell metabolism and infl ammation [8], including vascular endothelial 

growth factor (VEGF) [9], erythropoietin (EPO) [10], and inducible 
nitric oxide synthase (iNOS) [11]. Furthermore, alterations in 
HIF-1α activity have been shown to impact atherogenic processes. 
Genetic deletion of smooth muscle HIF-1α reduced vascular 
infl ammation and atherosclerosis in ApoE-/- mice with transverse 
aortic constriction-induced lesions [12]. Myeloid-specifi c deletion of 
HIF-1α attenuated aortic atherosclerosis and reduced the number of 
lesional infl ammatory M1 macrophages [13]. Overexpression of HIF-
1α in lymphocytes decreased interferon gamma (IFN-γ) expression 
and reduced atherosclerotic lesion size. Th ese fi ndings suggest that 
the eff ects of HIF-1α on atherosclerosis are cell-type specifi c [14].

Previously, we reported an increase in hypoxia in the 
atherosclerotic lesions of streptozotocin (STZ)-injected 
hyperglycemic ApoE-/- mice that was associated with a signifi cant 
reduction in the microvessel density of the vasa vasorum [15]. Th is 
fi nding suggests that restricted O2 supply to the artery wall is the 
cause of low oxygen concentration and may promote atherosclerosis. 
Interestingly, despite the presence of arterial hypoxia and an increase 
in lesional HIF-1α, no corresponding increase in VEGF expression 
was observed in this model, suggesting that hyperglycemia impairs the 
normal response (VEGF signaling and angiogenesis) to angiogenic 
stimuli (hypoxia and HIF-1α) and thereby exacerbates hypoxia and 
accelerates atherosclerosis. In a related study, examination of the left  
anterior descending coronary artery from 57 autopsies revealed that 
human patients with diabetes had a lower vasa vasorum density than 
those without diabetes [16]. Taken together, these fi ndings are the 
fi rst evidence that; i) hyperglycemia is associated with attenuated 
neovascularization of the vasa vasorum during atherogenesis and, 
ii) expansion of the vasa vasorum is not required to support (or 
promote) accelerated atherosclerosis.

In this study, to better understand the underlying mechanisms 
that may link hypoxia to atherosclerosis, we utilized two diff erent 
mouse models of hyperglycemia-accelerated atherosclerosis [17,18] 
and a glucosamine-supplemented ApoE-/- mouse that develops 
accelerated atherosclerosis without alterations in glucose or insulin 
levels [19]. In addition, we investigated the eff ects of treatment 
with 4-phenylbutyric acid (4PBA), a chemical chaperone known to 
reduce vascular endoplasmic reticulum (ER) stress and attenuate 
atherosclerosis [20,21]. Herein, we specifi cally investigate the eff ects 
of 4PBA on vasa vasorum density, infl ammation, and arterial wall 
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hypoxia in order to elucidate the molecular mechanisms by which 
hyperglycemia promotes pro-atherosclerotic processes.

MATERIALS AND METHODS
Animal models

Five-week-old female ApoE-/- mice (B6.129P2-ApoEtm1Unc) 
(Jackson Laboratories, Bar Harbor, ME) were randomly divided 
into three groups (n = 16 per group). Th e fi rst group was untreated 
controls. Th e second group received multiple low-dose 40-50 mg/kg 
body weight per day intraperitoneal injections of STZ (Sigma-Aldrich, 
Oakville, ON) to induce hyperglycemia, as previously described [17]. 
Th e third group received drinking water supplemented with 5% (w/v) 
gl ucosamine (Sigma-Aldrich) [19]. Five-week-old female ApoE-/- 
Ins2+/Akita mice (n = 16) made up the fourth group of mice [18]. Th e 
Ins2+/Akita mutation impairs insulin folding and secretion, resulting in 
hyperglycemia.

Subsets of the control ApoE-/-, STZ-injected ApoE-/-, glucosamine 
(GlcN)-supplemented ApoE-/-, and ApoE-/- Ins2+/Akita mice (n = 8 per 
group) were supplemented with 4PBA (1 g/kg per day) (Scandinavian 
Formulas Inc., Sellersville, PA) in the drinking water. Th is dose has 
previously been shown to attenuate atherosclerosis in mice [20,21]. All 
mice were given unrestricted access to water and the standard chow 
diet (TD92078) (Harlan Teklad, Madison, WI) and were maintained 
on a 12-hour light/dark cycle throughout the study. All animal 
procedures were pre-approved by and performed in accordance with 
the McMaster University Animal Research Ethics Board and conform 
to the guidelines of the Canadian Council on Animal Care.

Metabolic measurements

All mice were sacrifi ced at 15 weeks of age aft er a 6 hour fast. 
Fasting blood glucose was measured using an UltraMini blood 
glucose meter (OneTouch Ultra) (Life Scan, Burnaby, BC). Mice 
were anaesthetized with 3% isofl urane prior to blood collection by 
cardiac puncture and then euthanized by cervical dislocation. Th e 
vasculature was then fl ushed with saline via cardiac perfusion and 
tissues were collected and prepared for analyses. Fasting plasma 
insulin was measured using enzyme-linked immunosorbent assay 
kits (Crystal Chem, Downers Grove, IL). Plasma total cholesterol 
and triglycerides were measured using Infi nity reagents (Th ermo-
Scientifi c, Middletown, VA).

Quantifi cation of atherosclerotic lesions

Hearts were harvested and fi xed in formalin. Th e aortic sinus 
was processed and sectioned (5 μm per section), as previously 
described [22]. Atherosclerotic lesions were visualized by  staining 
serial sections with Masson’s Trichrome (Sigma-Aldrich). Stained 
sections were imaged using a Leitz LABORLUX S microscope (Leica 
Microsystems, Concord, ON) connected to a DP71 Olympus camera 
(Olympus Imaging, Center Valley, PA). Lesion areas were quantifi ed 
using Image J (1.48v) soft ware. Lesion volume was computed as area 
under the curve of lesion area versus distance from the aortic sinus.

Characterization of aortic lesions

Micro vessels were visualized by immunostaining with an 
antibody against the endothelial marker, von Willebrand Factor 
(vWF) (Aligent Technologies Inc., Santa Clara, CA), as previously 
described [15]. Positively stained vasa vasorum micro vessels residing 
within the intima, media, and adventitia of the aortic lesions were 
counted. Vasa vasorum density was determined as the total number 

of micro vessels within the defi ned region per aortic cross-section. 
Lymphatic vessels were visualized by immunostaining with an 
antibody against lymphatic vessel endothelial hyaluronan receptor 1 
(LYVE-1) (R+D Systems, Oakville, ON). Positively stained lymphatic 
vessels were counted and quantifi ed analogous to the vasa vasorum 
quantifi cation described above.

For other immunofl uorescent and immunohistochemical 
staining, aortic cross-sections were deparaffi  nized and 
immunostained with primary antibodies against Grp78/94 (anti-
KDEL) (Enzo Life Sciences, Farmingdale, NY), CHOP (Santa Cruz 
Biotechnology, Santa Cruz CA), VEGF (BosterBio, Pleasanton, CA), 
HIF-1α (NovusBio, Oakville, ON), NLRP3 (Abcam, Toronto, ON) 
or pimonidazole hydrochloride (HypoxyprobeTM, Burlington, MA). 
Primary antibodies were detected and visualized using appropriate 
fl uorescently-conjugated secondary antibodies (Th ermo-Scientifi c). 
Immunofl uorescently stained sections were counterstained with 
DAPI nuclear stain (Sigma-Aldrich). Negative controls were stained 
with pre-immune IgG instead of primary antibodies to control 
for non-specifi c staining. Positively immune-stained areas were 
quantifi ed using Image J (1.48v) and normalized to the total lesion 
area.

To detect tissue hypoxia, a subset of 10-week-old ApoE-/- and 
STZ-injected ApoE-/- mice were injected with 60 mg/kg pimonidazole 
hydrochloride two hours prior to sacrifi ce. Tissues were harvested 
and prepared as described above.

Statistical analysis

Two-way ANOVA followed by Bonferroni’s test for multiple 
comparisons were performed using GraphPad Prism (v6.01). All 
data were normally distributed and expressed as arithmetic means ± 
standard deviation. For all experiments, a probability value of 0.05 or 
less was considered statistically signifi cant.

RESULTS
All mice were sacrifi ced at 15 weeks of age and metabolic 

parameters, including blood glucose levels, plasma insulin, 
cholesterol, and triglyceride levels, were quantifi ed (Table 1). STZ-
injected ApoE-/- and ApoE-/- Ins2+/Akita mice had signifi cantly elevated 
blood glucose levels and signifi cantly reduced plasma insulin levels 
whereas glucosamine supplementation had no eff ect on glucose or 
insulin, as expected [19,23]. Total plasma cholesterol and triglyceride 
levels were not signifi cantly changed by any of the treatments. 

Table 1: Metabolic parameters

Experimental
Groups

Blood
Glucose

(mM)

Plasma
Insulin
(ng/mL)

Plasma
Triglycerides

(mM)

Plasma
Cholesterol

(mM)
Control 8.3 ± 1.4 0.49 ± 0.17 1.2 ± 0.4 7.6 ± 1.5

+ 4PBA 8.6 ± 0.9 0.44 ± 0.17 1.0 ± 0.5 7.7 ± 1.4

GlcN-
supplemented 8.7 ± 0.9 0.52 ± 0.10 1.1 ± 0.3 8.0 ± 1.6

+ 4PBA 8.3 ± 0.9 0.42 ± 0.14 1.2 ± 0.4 7.9 ± 1.9

Ins2+/Akita 14.7 ± 1.2**** 0.31 ± 0.03** 1.3 ± 0.3 7.3 ± 2.0

+ 4PBA 15.8 ± 1.4**** 0.29 ± 0.03** 1.2 ± 0.5 7.8 ± 1.5

STZ-injected 19.7 ± 4.3**** 0.27 ± 0.07** 1.1 ± 0.5 7.0 ± 1.5

+ 4PBA 19.1 ± 3.5**** 0.28 ± 0.05** 1.3 ± 0.6 7.5 ± 1.3

n = 8 per treatment group, **P < 0.01, ****P < 0.0001 relative to the 
corresponding control ± 4PBA.
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Supplementation with 4PBA did not have any detectable eff ect on 
any of the metabolic parameters that were measured in any of the 
experimental groups.

Atherosclerotic volumes were quantifi ed at the aortic sinus and 
ascending aorta by multiplying lesional areas, measured in Masson’s 
Trichrome stained serial cross sections, by lesion thicknesses (Figure 
1, Supplemental Figure 1) [22]. Hyperglycemic (STZ and Ins2+/

Akita) and glucosamine-supplemented ApoE-/- mice presented with 
signifi cantly larger lesion volumes relative to the ApoE-/- control 
group. Th e addition of 4PBA to the drinking water reduced lesional 
area/volume in each experimental group to levels similar to the 
control ApoE-/- mice (Figure 1, Supplemental Figure 1).

4PBA  is a chemical chaperone that assists in protein folding in 
the ER, thereby reducing ER stress. To determine if 4PBA aff ected ER 
stress levels in the atherosclerotic lesions, cross sections of the aortic 
sinus were immunostained for ER stress markers, Grp78/94 and 
CHOP (Figure 2). Hyperglycemic and glucosamine-supplemented 
mice showed signifi cantly elevated levels of both ER stress markers in 
their atherosclerotic lesions. Treatment with 4PBA reduced lesional 
ER stress marker expression in each of the experimental groups to 
levels comparable to controls.

To examine the levels of hypoxia in the atherosclerotic models, 
cross sections of the aortic sinus were immunostained with an antibody 
against HIF-1α (Figure 3A & 3B). Hyperglycemic (STZ and Ins2+/Akita) 
and glucosamine-supplemented ApoE-/- mice had enhanced levels of 
HIF-1α staining, predominantly in lesional macrophages. Treatment 
with 4PBA reduced HIF-1α staining to levels comparable to controls. 

To further validate the presence of hypoxia and to determine if hypoxia 
is present early in the development of atherosclerosis, 10-week-
old normoglycemic and STZ-injected hyperglycemic ApoE-/- mice 
were injected with pimonidazole hydrochloride to detect regions 
of relative oxygen depletion. Sections were immunostained with an 
antibody against the pimonidazole adducts present in hypoxic cells 
[24]. Hypoxia was evident in regions of the aortic sinus where there 
were early lesions forming (fatty streaks) (Figure 3C). Staining appear 
to localize to macrophage foam cells in the subintima and was much 
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Figure 1: Accelerated atherosclerosis in hyperglycemic and glucosamine-
supplemented ApoE-/-mice. A) Representative images, stained with Masson’s 
Trichrome, of cross sections of the aortic sinus from 15-week-old ApoE-/- 
mice that were untreated (Ctrl), supplemented with glucosamine in drinking 
water (GlcN), injected with streptozotocin to induce hyperglycemia (STZ), 
or carrying the Ins2+/Akita mutation (Akita). Collagen stains blue, nuclei stain 
black and smooth muscle cells stain red. Subsets of mice were treated with 
the chemical chaperone 4-phenylbutyric acid (4PBA) as indicated. Scale bar 
= 100 μm. B) Quantifi cation of lesion volume in each of the experimental 
groups in the presence or absence of 4PBA treatment, as indicated. n = 8 per 
group, **P < 0.01, ***P < 0.001, ****P < 0.0001 relative to control. ≠≠P < 0.01, 
≠≠≠≠P < 0.0001 relative to the same group + 4PBA.
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Figure 2: Expression of ER stress response proteins in atherosclerotic 
lesions. A) Representative images of cross sections of the aortic sinus 
from 15-week-old ApoE-/- mice from each of the indicated experimental 
groups immunostained with antibodies against the ER stress response 
proteins Grp78/94 (A) or CHOP (C). Scale bar = 200 μm. Quantifi cation 
of immunofl uorescence intensity in lesions stained with antibodies against 
Grp78/94 (anti-KDEL) (B) or CHOP (D). n = 5 per group, **P < 0.01, ***P < 
0.001, ****P < 0.0001 relative to control. ≠≠P < 0.01, ≠≠≠P < 0.0001 relative to 
the same group + 4PBA.
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more prominent in hyperglycemic ApoE-/- than normoglycemic 
ApoE-/- mice. Th ese results were confi rmed in serial sections that were 
stained with an anti-HIF-1α antibody (Figure 3C).

To determine if arterial hypoxia results from an impaired 
supply of oxygenated blood to the arterial wall, we quantifi ed the 
vasa vasorum density at the aortic sinus and ascending aorta by 
immunostaining aortic cross sections with an antibody against the 
endothelial marker vWF and counting the number of positively 
stained microvessels per cross section, as previously described 
[15]. Th e vasa vasorum, which is almost exclusively localized to the 
adventitia, presented with a signifi cantly reduced microvessel density 
in the glucosamine supplemented mice and the hyperglycemic mice, 
relative to controls (Figure 4). 4PBA treatment did not rescue the 
vasa vasorum density in any of the experimental groups. In fact, 
4PBA administration further reduced vasa vasorum density in all 
groups compared to hyperglycemic mice without 4PBA treatment. 
To further investigate the eff ect on vasa vasorum density, aortic cross 
sections were immunostained with an antibody against VEGF-A 

(Figure 5). Results indicate that VEGF-A levels are signifi cantly 
reduced in hyperglycemic and glucosamine supplemented mice, 
relative to controls. Th is signifi cant reduction was not aff ected by 
4PBA treatment. Furthermore, serial aortic cross sections were 
immunostained with an antibody against the lymph vessel marker 
LYVE-1 (Supplementary Figure 2) and lymph vessels were quantifi ed 
by counting the number of positively stained vessels per cross 
section [25]. Interestingly, hyperglycemia, but not glucosamine 
supplementation, was associated with an increase in the density of 
lymphatic vessels within the arterial wall. Th is eff ect was not altered 
by 4PBA treatment.

Th e activation of infl ammatory cells, including macrophage foam 
cells, within the arterial wall can increase the demand for oxygen. To 
investigate if arterial hypoxia may be arising from the activation of 
infl ammatory cells, serial aortic cross sections were immunostained 
with an antibody against the infl ammasome protein, NLRP3 (Figure 
6) [26]. Hyperglycemic and glucosamine supplemented mice showed 
a signifi cantly elevated expression of NLRP3, relative to controls, 
which is consistent with arterial infl ammation. Treatment with 4PBA 
signifi cantly attenuated NLRP3 expression in each experimental 
group.

DISCUSSION
In this study we used chemical (STZ) and genetic (Ins2Akita) 

approaches in ApoE-/- mice to investigate hyperglycemia-associated 
accelerated atherosclerosis. In these model systems, hyperglycemia 
is not associated with any signifi cant changes in plasma lipid 
profi les. Th erefore, the eff ects on atherosclerosis can be directly 
attributed to blood glucose levels. Our previous fi ndings suggested 
that hyperglycemia promotes arterial hypoxia by impairing 
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Figure 3: Hypoxia in atherosclerotic lesions. A) Representative images of 
cross sections of the aortic sinus from 15-week-old ApoE-/- mice from each of 
the indicated experimental groups immunostained with an antibody against 
HIF-1α (green) and counterstained with DAPI nuclear stain (blue). Scale bar 
= 200 μm. B) Quantifi cation of immunofl uorescence intensity of the anti-HIF-
1α stained aortic cross sections. n = 6 per group, **P < 0.01, ***P< 0.001 
relative to control. ≠P < 0.05, ≠≠P < 0.01, ≠≠≠≠P < 0.0001 relative to the same 
group + 4PBA. C) Representative images of aortic sinus cross sections from 
10-week-old ApoE-/- control and STZ-injected hyperglycemic mice that were 
immunostained with antibodies against pimonidazole hydrochloride or HIF-
1α. Arrows indicate positively stained cells. Scale bar indicated as 50 or 100 
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Figure 4: Reduced micro-vascularization at the aortic sinus. A) 
Representative images of cross sections of the aortic sinus from 15-week-old 
ApoE-/- mice from each of the indicated experimental groups immunostained 
with an antibody against the endothelial cell marker vWF (bright green) 
and counterstained with DAPI nuclear stain (blue). Scale bar = 200 μm. 
B) Quantifi cation of vasa vasorum density, defi ned as the total number of 
microvessels residing within the intima, media and adventitia, per aortic 
cross-section of the aortic sinus, in mice from each of the treatment groups. n 
= 7 – 8 per group, *P < 0.05, ***P < 0.001, ****P < 0.0001 relative to control. 
≠P < 0.05, ≠≠P < 0.01 relative to the same group + 4PBA.
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neov ascularization of the vasa vasorum in the artery wall, thereby 
contributing to the development of atherosclerosis [15,27]. 
Th e mechanisms underlying this eff ect are not clear. However, 
hyperglycemia does appear to impair HIF-1α signaling as VEGF-A 
expression was suppressed despite the presence of lesional hypoxia 
and HIF-1α.

In this study, we supplemented the drinking water of hyperglycemic 
ApoE-/- mice with 4PBA, a chemical chaperone that reduces ER 
stress levels in cultured cells and in animal model systems [28]. Th is 
intervention has been shown to signifi cantly attenuate atherosclerosis 
in glucosamine-supplemented and hyperglycemic (STZ-injected and 
Ins2+/Akita) ApoE-/- mice without altering blood glucose and insulin, 
or plasma lipid levels [23]. Th e aim of the study was to investigate 
the relationship between arterial hypoxia, vasa vasorum density, and 
vascular infl ammation to shed light on the molecular mechanisms by 
which hyperglycemia promotes atherosclerosis.

We found that both glucosamine supplementation and 
hyperglycemia induced vascular ER stress and accelerated the 
development of atherosclerosis in the aortic sinus and ascending 
aorta of ApoE-/- mice, as expected. Accelerated atherosclerosis was 
associated with increased vascular hypoxia in all models. As previously 
observed in STZ-injected hyperglycemic mice, there was reduced 
VEGF-A expression and reduced vasa vasorum density in both 
hyperglycemic mouse models. VEGF-A expression and microvessel 
density was similarly aff ected in the glucosamine-supplemented 
mice, perhaps suggesting that ER stress and the unfolded protein 
response (UPR) pathways were involved in the impaired HIF-1α-
VEGF signaling. Th is fi nding is consistent with a study that showed 
that UPR signaling through the PERK pathway inhibits HIF-1α-
induced gene expression [29].

Treatment with 4PBA reduced ER stress levels and attenuated the 
development of atherosclerosis, consistent with previous observations 
and supporting the theory that ER stress actively promotes 
atherosclerosis [20,23]. In addition, 4PBA treatment was associated 
with a signifi cant reduction in vascular hypoxia. Interestingly, the 
hyperglycemia-associated reductionn les ional VEGF-A and vasa 
vasorum neovascularization was not rescued by 4PBA. Th is fi nding 
may suggest that O2 supply via the vasa vasorum is not a signifi cant 
factor in regulating arterial hypoxia and atherogenesis. It is also 
possible that 4PBA improves circulation quality through existing 
microvessels, thereby increasing oxygen concentration without 
altering microvessel quantity.

Examination of very early atherosclerosis in 10-week-old 
hyperglycemic mice revealed evidence of hypoxia in fatty streaks 
composed of very few macrophage foam cells, prior to any substantial 
thickening of the artery wall. Th is is consistent with hypoxia resulting 
from increased oxygen demand. Th e existence of crosstalk between 
infl ammatory and hypoxia-response pathways is relatively well 
established [30,31]. Nuclear factor κB (NF-κB) has been shown to 
regulate the induction of HIF-1α and the expression of hypoxia-
regulated genes both in vitro and in mouse model systems [32,33]. 
Alternatively, HIF-1α can regulate NF-κB and also potentiates the 
expression of NLRP3, an infl ammasome protein that plays a role in 
the maturation and secretion of IL-1β [34-36]. Th e signifi cance of 
this cross talk was demonstrated by Song et al. (2018), who showed 
that selective inhibition of endothelial NF-κB could attenuate 
atherosclerotic lesion development in a model of chronic intermittent 
hypoxia-induced atherosclerosis [37].
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the aortic sinus from 15-week-old ApoE-/- mice from each of the indicated 
experimental groups immunohistochemically stained with an antibody 
against the infl ammasome protein NLRP3 (dark brown) and counterstained-
with hematoxylin. B) Quantifi cation of NLRP3 staining. n = 5 per group, ***P 
< 0.001, ****P <  0.0001 relative to control. ≠P < 0.05, ≠≠P < 0.01 relative to 
the same group + 4PBA.
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Glucosamine supplementation and hyperglycemia were 
associated with increased NLRP3 staining within the atherosclerotic 
lesion. Furthermore, treatment with 4PBA signifi cantly attenuated 
NLRP3 expression, which corresponded to the reduction in 
atherosclerotic lesion size. Together these fi ndings suggest that 
lesional infl ammatory macrophage foam cells become hypoxic as a 
result of increased glycolytic metabolism (oxygen demand), which 
ultimately drives atherosclerosis [38].

Th is study further supports the existence of mechanistic links 
between ER stress and infl ammatory pathways and a causative role 
for ER stress in the development of atherosclerosis. In addition, these 
results provide evidence for cross talk between ER stress and hypoxia 
response pathways. It has long been established that conditions of 
hypoxia can induce the  unfolded protein response as a strategy to 
cope with the stress of low oxygen concentrations [39-41]. Herein, 
we provide the fi rst evidence that reducing ER stress levels with 
a chemical chaperone can attenuate hypoxia, suggesting that the 
status of the ER feeds back on the regulation of HIF-1α. Further 
investigations will be required to better understand the interactions 
between these pathways and how they modulate the development and 
progression of atherosclerosis.
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